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ABSTRACT

A qualitative summary of the four principal tasks pursued
during 1967 is presented. Quantitative results and more detailed descriptions
of the various experiments are presented separately as a series of special
technical reports. An appendix to this report lists these special reports with

their abstracts.

Principal tasks reported are studies of continuously adaptive
data processing systems; use of multicomponent arrays of mixed sensor type;
signal and noise characteristics across a worldwide seismic network; and new

approaches to the intra-array signal equalization problem.
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SECTION I
INTRODUCTION

The best data available for detecting, locating, and identi-
fying seismic events are provided by proper design and use of seismic
arrays. Project VT/7701 has been directed toward improving array tech-
nology through theoretical and empirical studies of seismic noise and signal
characteristics and development of advanced data processing and analysis
tecnniques.

This report is a qualitative summary of the objectives and
results of the several experiments conducted, the interpretation of these
results, and the conclusions. More comprehensive and detailed docurnen-

tation of these experiments is presented separately in the special reports.
A. TASKS

The five experimental tasks undertaken during the 1 year

covered by this report, as specified in the statemen' of work, are as follows.

e Using an ensemble of seismic array network data to be fur-
nished by AFTAC, investigate bodywave noise on a coherent
worldwide basis. Investigate interarray equalization prob-
lems. Study methods of combining the subarray output for
network signal extraction. Investigate the capabilities of a
worldwide network for resolving events closely spaced in
time and space.

e Continue investigations of multielement system studies to
determine possible new combinations of sensors for noise
reduction. Study methods of specifying, for given noise
fields, the optimum multisensor system for noise reduction,
with the desired result a set of guidelines for array design.
These guidelines should include, but not be limited to, the
type of sensors required and, for an array, the size and
geometry, subject to the constraints of practicability.

e Theoretically investigate methods of implementing contin-
uously adaptive systems for application to time-varying noise
fields and postdetection processing. Any system that can be
simulated off-line should be evaluated using suitapbly char-
acteristic data.

I-i science services division
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e Investigate the effects and methods of reducing locally
generated noise. The effects of such non-plane wave fields
on multichannel filter design should be evaluated.

e Continue studies of the instrumental equalization problem.
Apply any new techniques available for studying instrumental
equalization and evaluate the effectiveness of such techniques.
B. SUMMARY
All tasks and subtasks are reported in detail in 14 special re-
ports, the summaries of which are conivined ir the appendix. The intent of
this final repert is to provide a comprehensive, though qualitative, summary

of the principal experiments and their results.

In addition to the final report and special reports, four quarterly
and eight monthly reports recording the progress of this research have been

published.

1. Network Studies

Coherently-processed seismic arrays are not limited to any
particular size; arrays with diameters of 3 to 200 km have been used to ex-
tract ard identify seismic events. '

As the size of the array increases, many advantages accrue but
many new problems also arise. Expansion of the array to encompass the whole
earth should provide the ultimate in detection threshold level, event resolution,
and event classification. Such a worldwide array ideally would consist of a
network of one or more large-aperture arrays and a greater number of smaller
high-quality arrays. The wide variaticn in ambient noise and signal character-
istics expected over such an extensive network undoubtedly would require new
data processing and analysis techniques. The first task (network studies)
described in this report was iaitiated to provide an initial characte rization of
the seismic noise and signals as recorded by a network and an interpretation

of how to capitalize on these characteristics in orde: to improve nuclear-sus -

veillance capability.
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Simultaneous recordings of several signals and several noise
samples across a network consisting of 10 VELA and LRSM stations have been
obtained and analyzed. Power-density spectra of both short- and long-period
noise are computed to measure the time and space variability of the noise field.
Interstation coherence measurements for long-period noise reveal virtually
no coherence, indicating that time-shift-and-sum processing is optimum for
network signal extraction. High-resolution frequency-wavenumber spectra are
computed for two noise samples from each array station. Surface-wave noise
is found to predominate at all stations except TFO and NPNT and to be highly
correlated with storm activity along the perimeter of the same continent.
Bodywave noise correlatable with storm activity is seen at TFO and NPNT but

is rarely seen at the surface-wave noise-limited stations.

Studies of short-period signal similarity across the network
reveal considerable variation in P-wave amplitvde and waveform, which is
not easily correctable with equalization filters. Improvements in signal-to-
noise ratio over simple beamsteering are obtained with weighted beamsteering.
The ability of even a very limited network to resolve two events occurring
very close in space and time is demonstrated. Several approaches to network

processing for depth-phase enhancement show promise.

2. Multielement System Studies
A procedure for calculating the crosspower spectra between

two seismometer outputs, corresponding to assumed frequency-wavenumber
models of the seismic activity, has been developed. The technique is appli-
cable to sensors separated both vertically and azimuthally, to sensors mea-
suring various aspects of the seismic activity such as displacement or strain,
and to the different modes of seismic propagation. A prograin embodying these
results would be useful in the design of multichannel filters for multicomponent
arrays, since adequate me¢ sured statistics for the signals and noise are fre-

quently not possible to obtain.
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filter array processors over the frequency range 0.0 to 0.25 Hz has been

A theoretical comparison of beamsteer and multichannel-

made. The problem considered is the extraction of a directional signal from
ambient noise having a dominant component that is isotropic and is also pro-
pagating at 3 km/sec; this problem is relevant to long-period arrays where
the signal of interest and the predominant noise propagate in the fundamental
Rayleigh mode. The multichannel filter processor proves superior at all
frequencies but is significantly so only below 0. 05 Hz where neither processor
yields \/ﬁ SNR improvement. Interestingly, above 0.05 Hz, the improvement
of either processor oscillates substantially about \/-1\; This behavior is clearly

caused by the aliasing properties of the hexagonal-grid array geometry.

Analysis of the high-resolution K-line wavenumber spectra
computed for each of three seismometer lines in the 10-element shoxt-period
array at WMO reveals broadband surface-wave energy (0.2 to 1.0 Hz) corning
from the northeast (probably generated by lakes a few kilometers away in that
direction). Mantle P-wave energy (apparent velocity greater than 8 km/sec)

algso is found to be appreciable in this frequency range.

Multichannel filters have been designed for an experimental WMO
array consisting of two rings of six radially oriented horizontal seismometers
concentric with a vertical seismometer. Motivating this experiment was pre-
vious theoretical work indicating that arrays of this type are useful in the
extraction of compressional signals from surface-wave noise. Over the fre-
quency range of 0.0 to 3.0 Hz, the average SNR improvement of 3 db is less
than expected. Examination of the horizontal seismometer traces indicates

severe random-noise contamination.

3. Studies of Adaptive Systems
The design and application of fixed multichannel filters to time-
varying noise fields is known to be less than optimum. Therefore, the use of
adaptive filters which can vary their responsec 2c the noise field changes is

indicated.
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A theoretical and empirical study of the performance and prop-
erties of a particular class of adaptive multichannel filters was initiated this
past year. The rate of adaptation and the convergence of these filters were
initially studied by comparing adaptive and fixed Wiener multichannel prediction

filters.

Adaptive filters are shown to perform equally well for data
approximately stationary and significantly better for data known to be nonsta-
tionary. The effects of redundant sampling have been examined and are found
to result in a high level of false gain when badly oversampled data are simula-
ted. Extension of the adaptive technique to problems in signal extraction has

been considered.

4. Noise from Near Sources
Study of the effect of noise from sources so near the array that
the assumption of space stationarity is invalid has been continued. A theoret-
ical noise model in which wavefronts are circular and there is attenuation as
the wavefronts traverse the array has been developed. Loss in filter perform-
ance for a filter applied to space-stationary noise when designed from this non-

stationary noise model has been found to be insignificant.

Since adaptive filtering has shown promise for dealing effectively
with nearby noise sources, this study has been merged with the adaptive pro -
cessing study, which is expanded to include nonspace-stationary noise prob-

lems.

5. Intra-Arr-y Equalization and Statistical Studies
A study of the distributions of two measures of multichannel
filter performance has been performed. One statistic measures the ratio of
the multichannel-filter-design regression error to the mean-square-error
(MSE) of the optimum filter. The other statistic measures the ratio of the MSE
of the estimated filter to the MSE of the optimum filter. Graphs which are

presented specify, as a function of the number of channels, the amount of
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measured noise required to design filters of a given quality. Both statistics 1
-5

are shown to be independent of one another and of the noise covariance matrix.

The concept of group coherence (coherence between two sets

of data channels) is reexamined in terms of the information contained in the

group-coherence MCF's concerning seismometer inequalization and noise ]
field structure. The technique, although found to lack sufficient wavenumber a .
resolution for isolating coherent energy sources and detecting the second- _:
order effects introduced by seismometer inequalization, is highly valuable )
as a measure of multichannel coherence. 3
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SECTION II
NETWORK STUDIES

Network studies are directed toward effective utilization of a
collection of seismic stations as a coherent worldwide seismic network to
enhance capabilities for seismic-event classification. These studies,
initiated 1 year ago, examine signal and noise characteristics as seen at

the network level.

Presented in this section are summaries of the studies.
Three special reports more fully and quantitatively describe the prelimi-
nary analysis of

e Ambient noise characteristics at the
network levell' 2

e Network signal characteristics and coherent
signal processing3’

® The role of the array station as an element
of a worldwide network
The network consists of: VELA seismological observatories
TFO and CPO, LRSM array stations OONW, NPNT, GGGR, LZBV, and
HWIS; and LRSM sites ADIS, RKON, and DHNY. Figure II-1 shows locations
of the stations. he station distribution, in effect, limits the network to
northern-hemisphere coverage. Only vertical-component instruments are

used.

Data for the study include signal and noise samples simulta-
neously recorded across the network. Long- and short-period noise samples
and short-period signals have been analyzed. During the noise and signal
characterization studies, all results have been evaluated for their significance

in improved signal detection, source location, and source identification.

- em oo oo
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The network studies performed represent a preliminary
examination of network operation using a limited data ensemble that reflects
neither year-round nor worldwide conditions. The network itself is highly
limited in terms of station quantity and distribution. Tentative conclusions
regarding both network operation and station function as a network element

are subject to continued investigation.

An operational concept of network processing has begun to
take shape, however. Initial detection of events appears fo be a subarray
function, with the network operatingin an iterative role, combining station
estimates and refining location and timing information. Further postdetection
processing at the station level, therefore, should be performed with the up-
dated information. The process can be fully automated and yet subject to
human judgment, as a man-machine discourse is visualized at the network

level.
A. NETWORK AMBIENT NOISE ANALYSIS
1. Objectives of Study

The primary objective of the network ambient noise study is
to characterize the seismic noise observed at the network level. To achieve
this rather broad goal, answers to several fundamental questions are sought:

e How does the noise power vary as a function
of frequency, time, and geographical position?

e What are the dominant propagation modes
observed for coherent seismic noise?...
what are the sources of this noise?

e To what extent are the array stations in
the network limited hy bodywave noise?

e How coherent across the network is that
component of the seismic noise which is
coherent at the station level?

i
]
!
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Answers to these questions are sought in several ways. An -
ensemble of five noise samples, recorded between 12 August 1964 and 4
29 January 1965, is analyzed with power-density spectra and coherence mea- e
surements. Also, two noise samples reflecting widespread storm activity . }
are analyzed with frequency-wavenumber spectra. Bodywave noise levels —

are estimated by comparing the input and output of processing procedures
such as straight summing, Wiener disk-model multichannel filtering, and —

adaptive filtering.

2. Results and Conclusions

Analysis of the noise power-density spectra reveals large i

variations in noise level with geographic position, frequency, and time. L

These variatious are well-correlated with the presence (or lack) of regional

storm activity. I )
Certain seasonal trends are evident. Noise power levels are l'

usually lower during the summer; across the network, they were uniformly J

lower during the sample on 12 August 1964 (a relatively calm day). Noise ﬂ

power levels are usually noisy during the winter; all stations were unusually

noisy during the sample of 6 November 1964 (a day with widespread storm 5‘- ‘

activity across the northern hemisphere). Ocean wind-wave height and swell

height charts correlate well with surface weather charts for these time [‘

periods and provide circumstantial evidence for postulating coastal surf ’

action as a significant noise source. {7

In general, station short-period noise power-density spectra
are found to be seismically valid between 0.2 and 2.0 Hz. The bulk of noise
power and the largest variations in level are observed in the 0.2- to 0.5-Hz
microseismic band. An exception is GGGR which is dominated by noise

power in the l.4- to 2.5-Hz band: whether this energy is primarily seismic

II-4 science services division
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1.0 Hz for available noise samples at each station. TFO and NPNT have

Figure II-2 shows absolute power-density levels observed at

relatively low noise levels, while GGGR, OONW, and ADIS are relatively
noisy sites. Noise-level fluctuations with time at each station are considerable

and coincide with the proximity of strong storm activity.
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NETWORK STATION H
Figure II-2, Station Ambient-Noise Power-Density Spectral Levels at
1.0 Hz for Several N:twork Noise Samples

Figure II-3 presents power-density spectra computed for four
6.67-min samples at OONW. Power-density levels at 1.0 Hz vary from 7

to 19 db. Larger weather-related variations are seen in the 0.2- to 0.5-Hz

microseismic band. Above 2.0 Hz, the spectra exhibit numerous lines and

a generally flat level; this energy appears to be primarily system noise.
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Figure II-3. An “ient-Noise Power-Density Spectra at OONW

An exception is the 16 O ‘tober 19¢4 sample which is digitized from uncom-
pressed FM tape; the others are from compressed tapes. Broadband rms
ncise-level estimates made for these samples indicate ground motion of

3 to 19 mu. Similar estimates made from bandlimited outputs (0.8 to 2.8 Hz)
indicate ground motion of 2 to 8 mu. OONW noise levels appear somewhat

higher than those at CPO.

Long-period noise power-density spectra also are computed
for several network stations from two noise samples. Overall data quality
is poor; however, the spectra appear seismically valid between 0. 03 and

0.2 Hz. In general, the station spectra reflect dominant spectral peaks
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at approximately 0.06 Hz and lesser peaks near 0.12 and 0.2 Hz. Spectra are
corrected to units of absolute ground motion at 0.04 Hz; power densities,
surprisingly consistent among stations at this frequency, average approxi-
mately 45 db. Comparison with LASA long-period spectra5 (which represent
analysis of considerably higher-quality data) results in general agreement

in both frequency of observed peaks and overall spectral levels. The lcng-
period spectra's apparent stability (and general lack of sensitivity to regicnal
noise sources) at 0. 04 Hz should be studied further to explain this behav:icr

and to establish the source of this energy.

Broadband spectral estimates are formed by joining absolute
long- and short-period spectra for each station. Figure Il-4 shows broad-
band estimates for CPO. The spectra appear dominated by microseismic
energy between 0.1 and 0.3 Hz. Also observed in this band is the largest
variability, which is related to nearby storm activity (tropical storm Isabel
located off Cape Hatteras during the 16 October 1964 sample) and to the
relatively poor estimates (both short- and long-period instrument responses
being low in this frequency range). The power indicated below 0. 03 Hz is
not believed to be seismic but to be due to coupling with atmospheric-pres-

sure fluctuations.

Interstation coherences computed for the long-period data
reveal no ut =ble network coherence. A few colierent peaks significantly
above the exp:cted value for random correlation are observed; these are

generally above 0.1 Hz and are seen only between stations on the same

continent.
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Figure II-4. Absolute Power-Densit:r Spectra at CPO

A particular example is the coherence of 0. 15 seen at 0.26 Hz
between TFO and RKON. It may be significant that this, the highest observed
coherence, occurs for two stations lying on a great circie passing through an
intense storm off the coast of Newfoundland. Wavenumber analysis at TFO
indicates trapped-mode energy with phase velocity of approximately 3km/sec
from the Newfoundland direction; it appears possible, therefore, that this
peak represents valid seismic coherer :e between widely separated stations
for directional trapped-mode energy. There is the possibility, however,

that the coherence is instrument-related.

m a0 P
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The spatial organization of station noise fields at CPO, TFO,
NPNT, OONW, and GGGR is examined using high-resolution wavenumber
spectra for two noise samples from days of strcng storm activity. Also,
K-line spectra are computed for the crossarrays at OONW, GGGR, and

NPNT. Array dimensions generally limit analysis to frequencies below

1.0 Hz. A discussion of the procedure and a description of an experiment
conductea to establish the validity of such noise spectra are presented in

Advanced Array Research Special Report Nc. 8. 2

Analysis of tnese spectra reveals a strong dominance of di-
rectional trapped-mode surface-wave energy at all stations except TFO (and,
to a lesser extent, NPNT) where directional bodywave noise dominates above
0.3 Hz. The trapped-mode energy appears to be generated primarily by surf
action related to regional meteorological activity. Similarly, much of the

TFO bodywave noise appears storm-related.

Good agreement between 2-dimensional and K-line wave-
number spectra is obtained, considering the differences in smoothinz and
resolution. The 2-dimensional wavenumber spectra are computed from
spectra obtained by Fourier-transforming over a 409.6-sec data gate,
yielding a frequency resolution of 0.0025 Hz. The K-line spectra are Danielle-
smoothed over 41 points for a 0. 1-Hz resolution. Only four seismometers

along each arm are available for the K-line estimates.

Figure II-5 shows high-resolution wavenumber spectra com-
puted at 0.2, 0.4, 0.6, and 0.8 Hz at "ONW. Spectral peaks occur in the
direction from which the energy arrives. Relative peak power levels shown

on each plot illustrate the wide dynamic range examined.
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Figure II-6 shcws K-line spectra at the same frequencies for
each arm of the array. Integrated wavenumber power-density functions are
superimposed on each plot. The dashed lines represent apparent horizontal
velocities of 8, 3, and 2 km/sec. Positive wavenumber corresponds to
propagation from north to south. Due to normalization procedures, power-
level differences between frequencies are not reflected in the vertical scales
shown; however, some smearing of the dominant 0.2-Hz power through the
spectral window has likely occurred. Related peaks on the K-line and 2-
dimens:onal spectra are numbered and refer to storms indicated on the sur-

face weather map, Figure II-7.

The dominance of regional storm energy at each station sug-
gests that storm-tracking could be performed by the network. In a sense,
this is true; however, results indicate that energy from storms is observed
by the various stations at differing frequéncies, velocities, and propagation
modes. Differing travel paths, distances, earth filtering, and nonisotropic
radiation patterns could explain this observation. Therefore, network
storm-tracking using stations limited by trapped-mode energy does not
appear particularly promising. For the same reasons, the lack of noise
coherence at the network level rules out useful application of multichannel
filtering techniques to noise suppression. The lack of coherence and the
highly variable station noise levels indicate that delay and sum procedures,
coupled with weightings based on signal-to-noise ratios, will provide opti-

mum signal extraction at the network level if signal distortion is not found

to be a problem.
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B. NETWORK SIGNAL CHARACTERISTICS AND COHERENT PROCESSING

Study objectives include characterizing seismic signals at the
network level and examining methods to exploit these characteristics for

detection and classification of seismic events.

A primary study area is the sirnilarity of the network-
recorded signal. The investigation also includes several network signal-
extraction and phase-detection techniques and signal-location and separation

methods.

To evaluate the network's effectiveness, four experiments
have been performed. These experiments and their objectives are as

follows.

® Depth-Phase Extraction

This study investigates the ability of various
network processing techniques to enhance
Zepth phases.

e Signal Separation

This experiment investigates the ability of
network processing to recognize the con-
dition of a simple event obscured by a com-
plex event and to locate and separate the two.

e P-Coda Enhancement

This study determines the relative merits
of various signal processing methods at
the network level and the effect of network
processing on background noise, primary
P-wave signals, .nd P coda.

e Evaluation of a Worldwide Coherent Energy
Analysis Technique

This study presents one simple method for real-
time network processing and data presentation
and analyzes several problems which will be en-
countered in real-time network processing.
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1. Depth-Phase Extraction

Four events are processed to investigate the depth-phase en-

hancement capability of network processing,

One technicue consists of time-shifting and sumining the vis-
ually aligned station outputs after squaring and integrating each. Time shifts
are based on pP-P arrival-time differences according to USC&GS focal-depth

estimates.

Another evaluated technique involves the use of a nratched-
filter output (P-30 correlation) resulting from crosscorrelation of the initial
P wavelet with the entire P coda. The P-30 correlations and their squared
«nd integrated counterparts are time- shifted and summed according to pP-P

intervals.

In general, the network processing techniques obtain consistent
indications of depth phases. Depth phases are equally or more evident on
some station recordings, but several stations do not indicate detection. Net-
work processing, therefore, would produce reliable event classification in
terms of detection and identification of depth phases. Other automatic pP-
detection network processing techniques probably could improve this relia-
bility if the station records were weighted in some fashion, since evidence of

PP is stronger on some station records than on the network output,
2. Signal Separation

The signal-separation study is pertormed to determine the
ability of a limited network to separate time-overlapping events using a square-
law output from beamsteered traces. The technique is useful for monitoring
small areas of interest and would be particularly effective for detecting weak

events such as explosions, which are masked by stronger regional events.

II-15 sclence services division




S b gna R

W R T i

Several cases have been evaluated: a single event; simultaneous
recording of a simple and 4 complex event, both of the same magnitude with
epicenters 1° apart; a similar case with the simple event reduced one-half
unit in magnitude; a simple event occurring 10 sec after a complex event
having the same magnitude and 1° away; and a similar case with the simple
event again reduced one-half unit in magnitude. In all cases, visual time

alignment compensates for time residuals.

For each case, 25 beamsteers are formed — one for each
intersection of a 0.5° grid for a 2°-x-2° coverage. Square-law outputs at

five different times are contoured over the grid.

Figurell-8 presents five beamsteer plots showing resolution of
two equal-magnitude events occurring 1° apart and separated in timeby 1U sec.
Plot 1 corresponds to a time preceding both events. Plot 2 shows detection
and location of the first, more complex event, Plot 3 shows declining energy
from this event, while plot 4 shows that the second event has been detected
and located. Plot 5 indicates no further energy release from the epiccunter

of the second (simple) event, while energy from the firsteventis stillavailable.

Results of the experiment show that a limited 8-station net-
work can successfully separate two time-overlapping events, even if magni-
tude differences are only one-half magnitude and even if epicenter separations
are as little as 1°. With an increase in network coverage (more stations),

events with larger magnitude differences and/or less epicenter separation

could probably be individually detected, located, and sufficiently well-
separated for correct source-type identification. The time-residual effect

on this capability for event resolution should be evaluated.

3. Signal Enhancement

Since good estimates of P-wave spectral content and P-coda
complexity are extremely valuable in event classification, the ability of a

network to provide improved P-coda estimates also is investigated.
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Figure I[I-8. Simulated 8-Station Recording of Two 5.8-Magnitude
Earthquakes Separated 10 sec in Time and 1° in Space
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Two earthquakes are processed to determine the extent of the
short-period P-wave similarity problem and the relative merits of simple
beamsteering, weighted beamsteering, and beamsteering of Levinson-
equalized data. The effects of each on P wave, P coda, noise reduction,
and apparent event complexity are examined through peak-signal-to-rms-
noise measurements and broadband SNR improvement vs frequency. Eight
stations are represented in the network signal analysis, and all station outputs

are bandlimited (0.8- to 2.8-Hz zero-phase filter) prior to network analysis.

Large dissimilarities in signal waveform and SNR are ob-
served across the network for the two events. For example, the relatively
simple Kamchatka event reflects interstation correlation coefficients ranging
from 0.52 to 0.96. Specific Levinson equalization filters designed for each
event work well for the Kamchatka event but only moderately well for the
more complex Kurile Islands event. Poorest equalization usually occurs for
stations with low SNR's. This suggests that, in the absence of well-equalized
network data, beamnsteering using weights proportional to station SNR would be
an effective approach, because stations with better signal estimates would
exert greater iufluence on the network sum. This proves to be the case.
Weighted beamsteers yield higher SNR's than beamsteers of either unweighted
or equalized data. Results indicate tha.t SNR improvements with Levinson-
equalized traces are probably not suffic.:ient to warrant the additional pro-
cessing complexity at the network level. Beamsteers are formed through
visual signal alignments; thus, the effects of station time residuals are not
considered.

Autocorrelations of station outputs are averaged and then used

to compute average station spectra. Compared to these average spectra,

spectra of the simple beamsteer of network data produce the following:
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® Signal loss averaging 3 db at the peak signal
frequency

® Broadband reduccion in noise power of 9 db
with eight stations

e SNR improvements of 7 to 13 db within the
signal band

e Significant attenuation of energy in the
P-coda interval (7 t~ 9 db), indicating
that the majority of this energy is noise
or scattered signal rather than aftershocks
or depth phases

Weighted beamsteers provide a minimum of 4 to 7 db additional

improvement at frequencies of peak signal energy density and even larger

improvements at other frequencies within the signal band.

These results show that signals can be enhauced effectively at
the network level by simple beamsteering and that SNR weighted beamsteering
is an excellent technique for signal enhancement. Event classification should
be aided by network processing, since astimates of signal complexity are im-

proved by reduction of scattered signal energy in the P coda.

Another signal-enhancement experiment, although only indirectly

related to network processing, was performed to test the ability to detect and
locate a very weak teleseism through high-resolution frequency-wavenumber
spactra. 4 The experiment demonstrated that this technique, applied to a
single-array station, could provide the preliminary location precision re-

quired before network processing.
4. Worldwide Coherent Energy Analysis

The continuous worldwide monitoring of both transient and
steady-state seismic energy sources would be highly desirable if physically

meaningful and easily interpretable displays were provided. Only such a

ron o
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worldwide network can provide the information necessary to permit such

coverage. Many different cornputational methods are possible for com-

bining the outputs from all network stations to obtain such displays. This
study evaluates a simple technique for such displays and a simple technique

for such network processing.

The technique, essentially a beamsteer in the frequency domain,
pProvides an estimate of P-wave power density as a func on of the geographical
location of its source. The technique can corr:ctly locate equalized short-
and long-period signals. Time anomalies do not appreciably affect event
location with long-period data but, as expected, make the technique im-
practical for short-period data. For nonequalized signals and multiple events,
the presence of sidelobes in the spectrum prevents correct event location;
however, further study is indicated with similar techniques, since this simple
technique does not use all available information and is overly sensitive to
time anomalies. The experiment has shown that network data can be processed
in real-time to produce a visual presentation suitzble for monitoring any area

of seismic interest.

In summary, network signal processing is shown to be feasible
and particularly advantageous for certain signal-classification areas. Addi-
tional investigations of network signal proceesing are warranted and should be
performed using larger amounts of data. Future experiments should use both
explosion and earthquake data to produce quantitative measurements for

event-classification experiments.
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C. CHARACTERIZATION OF THE ARRAY STATION AS AN ELEMENT
OF A NETWORK

Network studies are necessarily preliminary due to limitations l
of the network and data. Only a few signals, all from one general area, are
examined at the network level. Similarly, analyzed ambient noise data do
not represent conditions of year-round network operation. General characteri-
zations, therefore, must be tentative. The concepts of network operation pre-
sented are consistent with available knowledge but must be recognized as pre-

liminary in nature and subject to further investigation.

Preceding discussions have examined characteristics of
seismic signals and noise observed at the network level. A fundamental
understanding of these characteristics is important for proper exploitation |
of the network for detection and classifica.ion of seismic events. The role of
the individual station as an input to the network also becomes more apparent
through examination of these characteristics. This section attempts to define
the array stations' contribution tc coherent network processing. However,
it is necessary to first corsider some of “he more important requirements

of a functional network processing system.
1. Why a Network

The reasons for using network data for seismic-event dis-
crimination are not necessarily obvious. Seismic arrays yielding high-
quality data have significantly advanced the VELA UNIFORM program iﬁ ‘

terms of improved signal detection and scurce location. However, the net-

work concept sheould provide surveillance capability superior to that obtained

‘with any particular high-quality station, since problems of station variation
in sensitivity with azimuth, epicentral distance, frequency content, etc.,

become less critical with multidirectional coverage of events. Similarly,

event radiation patterns do not pose potential difficulties; in fact, the network

can effectively utilize these patterns as an aid in event classification.
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Considerable network data are used at present — primarily
in terms of the off-line manual selection of useful information from a variety
of station inputs. Off-line interpretation and collation of seismic information
frofrx stations all over the world through USC&GS result in periodic listings
of seismic activity. A multitude of information appears to be already avail-
able. In fact, the large quantities of seismic data to be analyzed form a most
cogent argument for network processing. As improvements are achieved in
recording and analysis techniques, detection thresholds are lowered, resulting

in exponentially increasing numbers of events for analysis.

Studies of worldwide. seismicity6 form a basis for projections

of annual event occurrences (m_ 2 4.0) approaching 10,000. This assumes

worldwide station coverage suff}zcient to place stations within 20° of all plausible
epicenters. Additional low-magnitude near-regional events would probably be
reported by at least one station. Therefore, on a worldwide basis, events
would probably be detected at a rate exceeding one event per hour. With in-
creased proliferation of nuclear-weapon technology, more regions become N
suspect and require monitoring. Determination of clandestine testing must
necessarily be done quickly and accurately. The only really plausible system

for continuous on-line monitoring of seismic activity on a worldwide scale

is an automated network.

Such a network should consist of a worldwide net of seismic-
recording array stations in constant communication with a central interpretive
and analytical facility. This central facility would be staffed by expert seis-
mologists and technicians having access to visual on-line displays of seismic
activity in areas of interest and being assisted by large-scale high-speed com-
puting equipment capable of near real-time processing. The remote array

stations would require a minimum staff, primarily for operational maintenance.
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Thus, the advantages of network processing are many. De-
tection and analysis become virtually instantaneous through automated com-
munication and processing. Since station analysis becomes unnecessary,

required staffing of technically competent people becomes less of a problem.

The central facility would provide to the seismologists a continuous evaluation
of worldwide seismicity. Such a monitoring facility could conceivably pro-
vide earthquake or tsunami warning information based on analysis of shock

activity, while continuing the primary surveillance task.

Combined analysis of many well-distributed stations should
result in improved signal detection and source location. Event classification
should be improved through better signal estimates and use of network dis-
crimination statistics and network depth-phase detection and identification.
Preliminary network studies performed during the current year under the
Advanced Array Research program and discussed in other parts of this
section indicate possible significant improvements in signal estimates (re-
duction in scattered signal), depth-phase discrimination, and signal-source
location and event separation using rather limited networks. Studies of net-
work discrimination statistics using a 5-station network also appear extremely

promising.
2. Array Station's Role in Such a Network

What, then, are the functions of the various elements that

form the network, i.e., the array stations?

Obviously, a communications link (such as telemetry) must
exist between each array station and the central facility. Automated pre-
detection isotropic processing should be implemented at the array-station
level, with continuous interrogation for events by some scheme such as
square-law (square, integrate, and threshold) detection. Specific areas of
interest within the range of the station would also be continuously monitored

with directional array-processing techniques.
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Upon detection of an event, information regarding arrival
time, rough location, and possibly even signal waveform would be trans-

mitted to the network facility.

Following event detection at one or more array stations, a
request could be transmitted from the network to appropriate stations to
implement postdetection processing, using refined timing and source-location
estimates obtained at the network level from those stations initially reporting.
Then, the stations would implement the designated (and automated) post-
detection operations on the still-retained array data and resupply the network

with refined information.

Isotropic preprocessing may fail to detect an event at a given
station; however, subsequent directional processing at the command of the
network (including the possibility of adaptive filters which could be quickly
designed from measured noise preceding the network-predicted arrival
time) could result in event detection. In a sense, the network would operate
in an "adaptive' mode during event-detection periods, refining its estimates

as additional information is acquired from the array stations.

3. Network Function

The function of the network facility is, in turn, to monitor
incoming array-station outputs, implement network-level source-location
and event-classification procedures, and provide various worldwide and

regional displays for on-line visual monitors.. .

When event detection is reported by one or more array
stations, the network, at the discretion of the seismologist who provides
the necessary element of human judgment and control, may enter the
"adaptive' operation mode and interrogate those array stations considered
to be within range of the hypothesized epicenter. Obviously, although the
network is operating in real-time, a built-in constant delay is required to

allow for teleseismic traveltimes.
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In addition to visuval displays, the network facility would fur-
nish estimates of event hypocenter, magnitude, and time, as well as classifi-
cation as to type. Permanent records, such as filmed or taped recordings
of seismic signals and the visual displays, would be acquired, as well as out-

put listings of event activity (in a sense, a real-time automated bulletin).

Network signal and noise studies during the current year have
indicated that network-level signal-extraction processing probably would con-
sist of relatively simple procedures such as time-shift and sum (beamsteer)
of station inputs after some form of station weighting. The apparently un-
correlated nature of the network noise field and the large variations observed
for station rms noise levels with both geographic position and time suggest
the need for some type of beamsteer weighting such as relative signal-to-
noise ratios using a form that emphasizes the better stations. Estimates of
signal complexity and energy-density distribution with frequency should imn-
prove through reductions in ambient noise and scattered signal with these
procedures. Network-level processing complexity, therefore, does not ap-

pear prohibitive.
4. Desired Subarray Outputs to Network

Various types of subarray information would be applicable to
network-level event detection, sipual extraction, and phase identification;
others probably would be more useful in event-classification procedures.
Definitive work remains to be donz in this area; however, previous and cur-
rent-project VELA UNIFORM studies suggest certain useful inputs. Short-
period vertical-component data, bandlimited and array-processed for iso-
tropic coverage (or directional for specific areas of interest) currently appear
most practical for P-wave detection — most likely by a square-law detection

device. Planned studies of long-period 3-component array data may indicate

e e e e st i Pt e
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feasible detection using surface waves; at present, however, long-period (and
short-period horizontal-component) data appear most useful for postdetuction

procedures such as phase identification and event classification.

Subarray processors should be capable of furnishing several
types of outputs. Most of these should be bandlimited to reduce the highly
variable microseismic energy. Primary predetection processing should
provide for isotropic P-wave signal extraction. Concurren't directional
outputs monitoring specific areas of interest sl:ruld also be included. A
detection method such as square law is obviously needed. In addition, an
output sensitive to low-magnitude regional events could prove useful for
monitoring foreshock activity in the station area. Component rotation and

vector resolution would be a required function for 3-component array data.

These outputs would serve primarily for station-level event
detection. Some form of rough location information such as azimuth or
epicenter should be available, as well as estimates of event magnitude and
arrival time at the station. Upon detection, this information, probably
along with the appropriate processor output, would be transmitted to the
network. The transmission time of this information would likely be very
short; continuous transmission from the subarray tc the network would not

be required,

Procedures for worldwide monitoring through visual displays
probably would be practical only for long-period data (as indicated by current
network studies). ’ Since long-period-data sampling rates are extremely
low, an essentially continuous network display could be maintained by ac-
cumulating samples at the array station over some suitable period (such

as an hour) and then transmitting all samples at a high transfer rate.
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While network operation and the role of the subarray may
appear rather complex, all of the various components are technically feasible
at the present time. Current work with array processors has already in-
dicated feasible implementation of all required operations. Many of the
network operations are currently being simulated through off-line analysis
of multistation information, and network implementation really means auto-
mation of these procedures in real-time. Such an operation, therefore,
appears most feasible and necessary if worldwide surveillance is to be main-

tained.
D. CONCLUSIONS AND RECOMMENDATIONS

The detailed study of two samples of noise recorded simul-
taneously at five network array stations has revealed that the major contribu-
tor to short-period noise is storm activity which is at sea but is near a large
landmass. Continent stations being affected by a particular storm record
strong directional surface waves from the storm. These and other stations
may or may not see bodywave energy from the storm. Since the ability to
see bodywave energy from a storm seems to depend on the surface-wave
noise level, it is reasonable to conclude that all stations receive some body-

wave energy from such storms.

The frequency content of storm noise varies considerably from
station to station — probably due to crustal filtering. Long-period noise does
not appear coherent between stations — even those on the same continent.
Except for stations afflicted by high cultural noise levels, the principal source
of seismic-noise-field variation appears to be the variation in intensity and

location of major storm centers.
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These conclusions are based on the investigation of only a few
noise samples, which were recorded by a rather limited network during periods
of strong storm activity; accordingly, they should be regarded as tentative.
More simultaneous noise samples, with some recorded during times of minimal
storm activity, should be studied and, where possible, more array stations
should be included in the network. Velocity filtering of array data should be
performed to eliminate all except teleseismic bodywave noise in order to
reveal the characteristice of the bodywave component. Although coherence
between stations could be expected for bodywave noise only in the sense of
some correlation as to source region and intensity vs time, these gross simi-

larities might be useful in network processing.

Long-period noise should be examined, using a network of all
available long-period array stations. A network of LP stations should pro-
vide greatly improved estimates of relative bodywave and surface-wave energy
reiease for a given seismic event. An understanding of not only the LP noise
characteristics at each station but the relation between stations in these char-
acteristics would permit the specification of appropriate array and network

LP data processing procedures.

Studies of short-period network recordings of several tele-
seismic events have indicated large variations in signal amplitude, frequency
content, P-coda complexity, and depth-phase detectability. Less variation
in the initial P wavelet (first 2 sec) has been observed, with the result that
simple time-shift-and-summation network processing produces an improve-
ment in peak-signal-to-rms-noise ratio (SNR) relative to the average station
SNR. Similar reductions in P-coda energy indicate that network processing
can provide improved estimates of event complexity. Weighting station out-

puts by their SNR prior to network beamforming provides significantly more
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SNR improvement than simple beamforming. A study of a limited network's
ability to resolve and to locate two events closely overlapping in time and
space has indicated that a resolution of better than 1° can be achieved if time

anomaly compensation can be provided.

The study of network signal characteristics has also been very
limited as to the number and variety of signals examined and as to the ex-
tent and quality of the network. A continuation of the network signal char-
acteristics and processing study, using more signals recorded with a larger
network, is recommended. Signals should be obtained for explosion events
as well as earthquakes representing a greater variety of depths, magnitudes,
and source regions. The effects of using source-region average time anom-

alies for network beamforming should be investigated.

Other approaches to enhancement and automatic detection of
depth phases should be considered. Long-period signal data should be in-
cluded to determine the effectiveness of network discrimination criteria based
on surface-wave measurements. Both LP surface-wave and SP bodywave
radiation patterns and relative bodywave-to-surface-wave energy should pro-
vide good discrimination. Methods for continuous network processing for

automatic event detection and location are feasible and should be developed.
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N SECTION III i
s MULTIELEMENT SYSTEM STUDIES
o A. THEORETICAL CROSSPOWER AND CROSSCORRELATION BETWEEN

SEISMOMETER OUTPUTS {

Conventional desig:. of Wiener multichannel filters for seismic
arrays requires knowledge of the crosscorrelations between sensor outputs
if the design is to be in the time domainor knowledge of the crosspower
spectra if the design is to be in the frequency domain. Noise statistics are
frequently obtained by recording a noise sample of adequate duration and
using these data to estimate the appropriate quantity. In the case of signals
which may have short durations, it is generally difficuit to obtain reliable ;

statistical characterization in this way. An alternaiive is to intuitively t

model the signal in frequency-wavenumber space and calculate the cross-

b

correlations or crosspower spectra corresponding to the model. In some
circumstances, this theoretical approach is also valuable for generating

the noise statistics.

e
e

The goal of this work was to develop a computer program

e
Betmceathyd

providing the desired crosspower spectra corresponding to standard fre-

quency-wavenumber space models. If crosscorrelations were desired,

—_

these would be obtained in the program by discrete Fourier-transforming of

the crosspower spectra.

.~

At the time this work was begun, a program had already been

written to cornpute the crosspower between two vertical-displacement sen-

——:-3 pecscenziy

pu
I

sors located on the surface for either the disk or the annulus models. The
initial intent was to generalize this program to include all situations of

. interest such as multicomponent sensors, sensors which measure quantities

other than displacement, sensors at various depths, and dispersive modes

of propagation. It soon became evident, however, that this approach would
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result in a complex and unwieldy program. A better approach was to
begin with a general treatment covering all situations of interest, because
each is merely a specific aspect of the same problem. Thea, the solution

for any given case could be obtained in a unified manner.

The theoretical basis for the program was developed. Before
implementation of the program, however, consideration of priorities dictated
that this work be discontinued. The theoretical results are presented in
Array Research Special Report No. 5.8 A brief discussion of the technique

is given here.

First, compressional- or Rayleigh-wave propagation is
considered. The vertical displacement at a point on the free surface is
characterized by selecting an appropriate model for its power distribution
ir frequency-wavenumber (f-ﬁ) space. The assumptions are that the propa-
gating medium can be ravdeled catisfactorily by a series of horizontally
stratified homogeneous layers overlying a homogeneous halfspace and that
such a model has been defined. The problem is to determine the cross-
power spectrum between the horizontal and/or vertical displacements at

two points within the medium.

Let the f-k space model for vertical displacernent on the
free surface be @ss(.f,ﬁ). Two such models are used. These are chosen
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